Telomeres, the ends of linear eukaryotic chromosomes, are highly spe cialized structures and are essential for genome integrity and stability. In most eukaryotes, the length of the telomere is replenished by telom erase, a specialized reverse transcriptase that iteratively adds telomeric repeats at the chromosome ends 1 . Telomerase is strongly repressed in most normal somatic cells with the exception of several highly prolifer ative cells such as germline cells and hematopoietic cells 2, 3 . In contrast, telomerase is reactivated in more than 90% of all cancer types, and this accounts for the telomere maintenance and proliferative immortality of cancer cells during tumor progression; thus, inhibition of telomerase may be a promising approach for cancer therapies 4 .
Telomeres, the ends of linear eukaryotic chromosomes, are highly spe cialized structures and are essential for genome integrity and stability. In most eukaryotes, the length of the telomere is replenished by telom erase, a specialized reverse transcriptase that iteratively adds telomeric repeats at the chromosome ends 1 . Telomerase is strongly repressed in most normal somatic cells with the exception of several highly prolifer ative cells such as germline cells and hematopoietic cells 2, 3 . In contrast, telomerase is reactivated in more than 90% of all cancer types, and this accounts for the telomere maintenance and proliferative immortality of cancer cells during tumor progression; thus, inhibition of telomerase may be a promising approach for cancer therapies 4 .
Telomerase is a ribonucleoprotein complex minimally composed of a catalytic TERT and a TR that provides the template for telo meric DNA synthesis 1 . TERT is highly conserved across eukaryotes, and it can be divided into four consecutive structural domains: the telomerase essential Nterminus domain (TEN), the TRBD, the reverse transcriptase domain (RT) and the Cterminal extension domain (CTE) 5 . The crystal structure of the Tribolium castaneum TERT (TcTERT), which lacks the TEN domain, reveals a ringlike organization with the TRBD and CTE domains in close contact 6 . The interior cavity of the TERT ring could accommodate a synthetic RNA-DNA duplex that resembles the hybrid of the RNA template and the telomeric DNA 7 . In contrast to TERT, the telomerase RNA from different organisms varies substantially in both length and sequence 8 . However, several conserved secondary structures of vertebrate TRs, which include the templatepseudoknot (TPK) structure, CR4/5, box H/AC and conserved region 7 (CR7), have been identified on the basis of phylogenetic comparative analyses 8, 9 . The TPK and CR4/5 domains bind to TERT independently and are sufficient to reconstitute telomerase activity in trans with TERT, whereas the box H/ACA and CR7 domains are essential for the biogenesis and stability of TR [10] [11] [12] . Mutations in human telomer ase RNA may cause several inherited disorders, such as autosomal dominant dyskeratosis congenita and aplastic anemia 13, 14 .
The CR4/5 domain of vertebrate TRs specifically binds to the TRBD domain of TERT and is essential to the assembly and the enzymatic activity of telomerase 10, 15 . The CR4/5 RNA comprises three conserved basepaired regions-stems P5, P6 and P6.1-and potentially forms a threewayjunction (TWJ) structure 8, 16 . The stemloop P6.1 is the most conserved element and is critical to the telomerase activity 16 . In yeast telomerase RNA, a conserved TWJ element similar to the vertebrate CR4/5 domain has also been identified 17 . In Tetrahymena telomerase, a conserved stemloop IV (SL4) domain instead of the CR4/5 domain binds to TRBD and is required for telomerase activity 18, 19 .
In this study, we set out to understand the molecular mechanism of how TERT and TR assemble into a functional telomerase. We deter mined the crystal structure of the TRBD-CR4/5 complex-the first, to our knowledge-from the teleost fish O. latipes (Japanese medaka) and revealed an important TERTTR recognition interface in telo merase. Our structure together with mutational data suggests that the observed mechanism for the TRBDCR4/5 recognition is common to most eukaryotes. By using information from related structures, we provide structural evidence that CR4/5 in vertebrate TRs might have a similar role in telomerase catalysis as that of SL4 in Tetrahymena TR. In addition, we have also modeled a minimum telomerase catalytic core including the TRBD, RT and CTE domains of TERT and the CR4/5 and TPK RNAs, on the basis of our results.
RESULTS

Structure of the telomerase TRBD-CR4/5 complex
In a previous study, we mapped the binding interface between TRBD and CR4/5 of the medaka telomerase through photoreagentmediated A r t i c l e s crosslinking analyses and identified three crosslinked pairs between the CR4/5 nucleotides and the TRBD residues (U182Tyr503, U187 Phe355 and U205Trp477) 20 . Isothermal titration calorimetry (ITC) measurements showed that the purified TRBD formed a stable binary complex with CR4/5 with an equilibrium dissociation constant of 0.76 µM (Fig. 1a and Supplementary Fig. 1a) . To reveal the mechanism of how CR4/5 is recognized by TRBD, we crystallized the TRBD-CR4/5 complex and determined its structure by single wavelength anomalous dispersion (SAD) at a resolution of 3 Å ( Table 1) . The calculated electron density map allowed unambiguous tracing of most of the complex except for a few loop regions in TRBD and loop L6.1 in CR4/5 ( Supplementary Fig. 1b ). There were two TRBD-CR4/5 complexes in one asymmetric unit, and they exhibited almost identical conformations except for the orientations of helices α4 and α9 of TRBD, owing to the crystal packing ( Supplementary  Fig. 1c) . Helices α4 and α9 of TRBD are not involved in CR4/5 recognition ( Fig. 1b and Supplementary Fig. 1c) .
The TRBD-CR4/5 complex exhibits a 1:1 stoichiometry between TRBD and CR4/5. TRBD adopts a mostly helical and globular conforma tion that closely resembles the recently reported TRBD structure from the Fugu fish Takifugu rubripes 21 (Fig. 1b and Supplementary Fig. 1d ). The CR4/5binding site on TRBD partially overlaps with the conserved QFP motif of TRBD and also involves the Nterminal region of helix α2 (Fig. 1b and Supplementary Fig. 2a ). Other conserved motifs in TRBD-TFLY, VSR, T and CP-do not participate in CR4/5 binding and presumably have roles in other functions of TERT ( Supplementary  Fig. 2a) . A recent report has linked the TFLY, T and CP motifs to the binding of the template boundary element (TBE) of TR 21 .
The TRBD-CR4/5 complex structure reveals that CR4/5 forms an Lshaped TWJ structure (Fig. 1a,b) . Stems P5 and P6 stack coaxially to form the longer arm of the Lshaped RNA (Fig. 1a,b) . There are two base triples stacking at the junction between stems P5 and P6 (Fig. 1b) . C174 at the junction J56, instead of forming a WatsonCrick base pair with nucleotide G216 as previously predicted 8, 16 , inserts its base into the major groove of stem P6 and pairs with the Hoogsteen face of base pair C177G198 (Fig. 1c) . Similarly, the base of C176 penetrates into the A173U217 minor groove at the end of stem P5, coordinat ing two hydrogenbonding interactions with the base and sugar edge of U217 (Fig. 1d) . The resulting base triples, C174•G198C177 and C176•U217A173, adopt nearly planar conformations that allow the coaxial and direct stacking of stems P5 and P6 (Fig. 1b) . CR4/5 makes a sharp turn at A199, the only nucleotide of junction J66.1 (Fig. 1a) . Consequently, stem P6.1 branches out from the long axis of stems a Values in parentheses are for highest-resolution shell. Three crystals were used for the native data set, and one crystal was used for the SAD data set on the mercury derivative (Hg-SAD).
A r t i c l e s P5 and P6 by almost 90° to form the short arm of the Lshaped RNA (Fig. 1a,b) . The length and sequence of stem P6.1 are invariant in all vertebrate CR4/5 domains and are critical for telomerase activity ( Supplementary Fig. 2b ) 8, 16 . Consistently with this notion, in the crystal structure of the TRBD-CR4/5 complex the conformation of the fourbasepair stem of medaka P6.1 is almost identical to those of the NMR structures of human wildtype and pseudouridylated stem P6.1 ( Supplementary Fig. 3a ) 22, 23 . The electron density of loop L6.1 in the TRBD-CR4/5 complex structure is poorly defined, presumably because L6.1 adopts a flexible conformation in the crystal. The NMR structure of the medaka CR4/5 has recently been reported 24 . Comparison of the CR4/5 structure in the TRBD-CR4/5 complex with the free CR4/5 NMR struc ture reveals that TRBD binding results in a dramatic conformational change in CR4/5. In the free CR4/5, stems P5, P6 and P6.1 are arranged into a Yshaped conformation, in which P6 and P6.1 are aligned closely to each other, with an interhelical angle of ~35° (Fig. 2a) 24 . However, when CR4/5 is in complex with TRBD, stem P6.1 rotates away from stem P6 over 180° around the junction region, thus allowing the clamping of P6 and P6.1 on TRBD (Fig. 2a) . The glo bal conformational change of CR4/5 is also accompanied by an extensive rearrangement of the basepairings within and around the junctions J56, J66.1 and J56.1, including the formation of the base triples C174•G198 C177 and C176•U217A173 (Fig. 2b) .
The protein-RNA interaction
A detailed analysis of the contact between CR4/5 and TRBD suggests that the specific recognition of the RNA by TRBD relies on both the conformation and the sequence of CR4/5. Stems P6 and P6.1 clamp onto a triangular protrusion of TRBD, causing the burial of ~1,040 Å 2 of surface area at the inter face ( Figs. 1b and 3a) . On the P6 arm of CR4/5, four continuous nucleotides, G178, C179, G180 and G181, are embedded in a concave groove formed by loop L78 (the loop between helices α7 and α8) and helices α8 and α2 of TRBD ( Fig. 3a and Supplementary Fig. 3b ). This interface is stabilized by seven hydrogen bonds between the RNA backbone and residues Arg374, Arg490 and Arg495 of TRBD A r t i c l e s ( Fig. 3b and Supplementary Fig. 3b) . Similarly, on the other arm of CR4/5 the backbone phosphate groups of C211, U212 and G213 in stem P6.1 adhere to a curved surface of TRBD via five hydrogen bonding interactions with the side chain of Lys480 as well as the main chain amino groups of Trp477, Val481 and Met482 of TRBD ( Fig. 3b and Supplementary Fig. 3c ). These interactions involve only the backbone of CR4/5 and presumably mainly contribute to the binding affinity with TRBD. Notably, TRBD has no direct contact with stem P5 and junctions J56 and J56.1 of CR4/5, in accordance with those regions of CR4/5 being dispensable for TRBD binding 20 .
The specific recognition of CR4/5 by TRBD relies on three nucleo tides: U182, G189 and A199. In the middle of stem P6, the base of nucleotide U182 flips out of the stem and forms a πstacking interac tion with the aromatic side chain of TRBD Tyr503 (Fig. 3b,c) . This is consistent with our previous data indicating that the 5iodouridine-labeled U182 crosslinked efficiently to Tyr503 (ref. 20) . Similarly, G189 in the loop region of stem P6 packs against the phenol ring of Phe376 from helix α2 of TRBD (Fig. 3b,d) . Removal of these inter actions by alanine substitution of Tyr503 and Phe376 either greatly weakened or completely disrupted the TRBDCR4/5 interaction ( Table 2 and Supplementary Fig. 3d ). In addition to the stacking con tacts, the bases of U182 and G189 are also specifically recognized by multiple hydrogen bonds with the peripheral TRBD residues Arg506 and Leu371, respectively (Fig. 3c,d ). These electrostatic interactions provide a strong sequence constraint to CR4/5 because replacement of U182 and G189 with any other nucleotide abolished the association between CR4/5 and TRBD ( Table 2 and Supplementary Fig. 3d) .
A199 is the single nucleotide that connects stems P6 and P6.1. This junction nucleotide anchors TRBD into the cleft between the two arms of the Lshaped CR4/5 (Fig. 3e) . The edge of the base of A199 is surrounded with three hydrogenbonding interactions, one with the carbonyl group of TRBD Phe496 and two with nucleotide G213 (Fig. 3f) . The latter two allow A199 and G213 to form an unusual base pair that stabilizes the bent backbone of the RNA and makes a sharp turn between stems P6 and P6.1 (Fig. 3f) . The conformation of A199 shapes the bottom outline of junction J66.1, which snugly accom modates the complementary surface of the N terminus of helix α8 of TRBD (Fig. 3e) . Consistently with this observation, substitution of A199 with any other nucleotide (C, U or G) led to a complete loss of the TRBDCR4/5 interaction ( Table 2 and Supplementary Fig. 3d ).
Close inspection of the NMR structure of the free CR4/5 reveals that in the absence of TRBD, the TRBDbinding nucleotides on stem P6 are accessible to their complementary surface on TRBD, whereas those on stem P6.1 are obscured from TRBD binding by the adjacent stem P5 (Supplementary Fig. 4a ). We speculate that TRBD might initially bind to stem P6 and then trigger the conformational transition of CR4/5 to favor the attachment of P6.1 to TRBD. Supplementary Fig. 4c ). Activities of mutant telomerases (A1060U, A1060C and A1060G substitutions for S. pombe and A1848U, A1848C and A1848G substitutions for N. crassa) are normalized to the wild type (WT) and shown below the gel as relative activities ± s.d. from three independent assays.
A r t i c l e s
and Supplementary Fig. 2b) . Furthermore, the G residue at the 5′ terminus of junction J56.1 (G213 in medaka CR4/5) is also highly conserved across eukaryotes ( Fig. 4a and Supplementary Fig. 2b ). This observation suggests that formation of an unusual A•G pair at the junction between stems P6 and P6.1 is a conserved feature of all CR4/5 and TWJ of TRs and that the TRBDCR4/5 recognition mech anism revealed in the medaka crystal structure is very likely to be common to all species whose TR contains a CR4/5 or TWJ structure.
To test this hypothesis, we examined the interaction between TRBD and TWJ from the telomerase of fission yeast Schizosaccharomyces pombe (Fig. 4b) . Wildtype S. pombe TRBD bound to S. pombe TWJ with an affinity of 0.57 µM, a value comparable to that of the medaka TRBDCR4/5 interaction ( Table 3 and Supplementary Fig. 4b ).
In contrast, substitution of the junction nucleotide A1060 of S. pombe TWJ with any other nucleotide either severely impaired its binding to S. pombe TRBD or disrupted the folding of S. pombe TWJ ( Table 3 and Supplementary Fig. 4b ). In addition, we reconsti tuted S. pombe telomerase from in vitro-generated TERT protein and TR fragments (TPK and TWJ) and examined telomerase activities with a direct primerextension assay. We found that the mutations of A1060 also caused greatly impaired in vitro telomerase activi ties, thus suggesting that the junction A nucleotide is important for the proper assembly of an active yeast telomerase ribonucleoprotein (RNP) complex ( Fig. 4c and Supplementary Fig. 4c ). In the telomer ase of the filamentous ascomycete Neurospora crassa, substitution of the junction nucleotide A1848 with any other nucleotide also led to decreased telomerase activity in vitro, although to a lesser extent com pared to the decrease in activity of the S. pombe telomerase after sim ilar nucleotide substitution (Fig. 4b,c and Supplementary Fig. 4c) . Notably, an AtoG mutation of the junction nucleotide A1130 in TR from the budding yeast Kluyveromyces lactis resulted in growth defects and shortened telomere length 17 , thus indicating that this linker nucleotide is also crucial for telomere function in cells. Stem P6 varies substantially in both length and sequence in different species (Supplementary Fig. 2b) 8, 25 . Nucleotides U182 and G189, which mediate the specific interaction between medaka CR4/5 and TRBD, are conserved between only closely related species, such as the fugu fish Takifugu rubripe (Supplementary Fig. 2b) 25, 26 . Consistently with this, we found that fugu CR4/5 could efficiently bind to the medaka TRBD domain (Supplementary Fig. 4d ). This is also consist ent with our previous observation that fugu TPK and CR4/5 can reconstitute telomer ase activity with medaka TERT 25 . In con trast, S. pombe TWJ, which contains a much shorter stem P6 with no bulged nucleotide, could not bind to medaka TRBD (Fig. 4b and   Supplementary Fig. 3d) , thus suggesting that S. pombe TRBD must recognize TWJ through some features that are different from U182 and G189 of medaka CR4/5. Collectively, our structural and biochemical analyses suggest that CR4/5 (TWJ) is bound by TRBD through two types of interactions. The helical conformation of stems P6 and P6.1 and the conserved A nucleotide at the junction J66.1 define the overall shape of CR4/5 (TWJ) essential for the TRBDCR4/5 binding in all vertebrates and yeasts. The species incompatibility of the TRBDCR4/5 (TWJ) inter action presumably results from the coevolution of the protein and RNA components of telomerase along different eukaryotic lineages.
Implications for the functions of stem-loop P6.1 Stemloop P6.1, the most conserved element in CR4/5, is essential for the catalytic activity of telomerase 8, 16 . Overlay of the medaka CR4/5-TRBD complex structure with the structure of TcTERT in complex with an RNA-DNA hairpin generates a homology model of the CR4/5-TcTERT complex (Fig. 5a) . TcTERT lacks the Nterminal TEN domain, which is conserved in other species 6 . For simplicity, hereafter we will refer to the TENless TcTERT as TERT. The homology model of the CR4/5-TERT complex reveals that P6.1 is not in the vicinity of the catalytic center of TERT 7 (Fig. 5a) , thus suggesting that P6.1 might allosterically participate in the catalytic process 20 . Stemloop P6.1 extends to the surface of the CTE of TERT, and nucleotides G203 and U204 spatially collide with the loop region N terminal to helix α18 as well as the loop between helixes α21 and α22 of TERT (Fig. 5b) . This implies that the CTE of TERT and P6.1 of CR4/5 might undergo local conformational rearrangement when TERT and TR assemble into a functional telomerase RNP complex, although further investigations are required to test this hypothesis.
Tetrahymena telomerase RNA lacks the CR4/5 or TWJ domains but instead has a unique SL4 region that is required for telomerase activ ity 18, 19 . The lowresolution architecture of the Tetrahymena telomer ase holoenzyme, which was reported recently, has indicated that the distal SL4 region might be flanked by the CTE and TRBD domains of TERT 27 . Comparison of the medaka CR4/5-TRBD structure with the proposed model of the Tetrahymena telomerase holoen zyme reveals that both P6.1 of CR4/5 and distal SL4 of Tetrahymena TR point to the same interface between TRBD and CTE of their respective TERT proteins (Supplementary Fig. 5a ), thus suggesting that both loops might have similar structural roles in telomerase RNP assembly. Figure 4b . b NA, not available for ITC measurement because the mutant RNA was misfolded. 
DISCUSSION
The crystal structure of the CR4/5-TRBD complex provides clues for how the TPK domain, the other essential element of TR, might interact with TERT. Vertebrate TPK consists of the template, the TBE (stem P1 in vertebrate TR) and an arcshaped helical region that includes the triplehelical PK structure [28] [29] [30] (Fig. 1a) . The model of the CR4/5-TERT complex reveals a large shallow concaved surface on one side of TERT that probably accommodates the arcshaped PK (Supplementary Fig. 5b ). This arrangement of PK could bring its con served triplehelix region close to the templateprimer in agreement with previous findings that the triple helix contributes to telomerase activity, and its nucleotide A131 (A176 in human TR) participates in telomerase catalysis 31 (Supplementary Fig. 5b ). In addition, Qiao et al. 32 previously reported that an engineered human cistelomerase that linked the 3′ end of the telomerase PK region to the 5′ end of the DNA primer with a fivenucleotide linker could generate a nearoptimal telomerase activity, thus indicating that the distance between the 3′ end of PK and the 5′ end of DNA primer is ~33 Å. In keeping with this observation, the orientation of PK in our proposed model could allow the 3′ end of PK to be adjacent to the 5′ end of the DNA ( Supplementary  Fig. 5b ). In this model, the TBEproximal end of the PK is immediately adjacent to the TCP motif of TRBD so that the TBE stem P1, which is only a few nucleotides 3′ to the PK, could directly contact the TCP motif, as suggested by a recent study 21 (Supplementary Fig. 5b ). In addition, this architecture also allows the 5′ end of the template to be connected back to stem P1 through a groove between the RT and TRBD domains of TERT 7 (Supplementary Fig. 5b ). Future studies are required to determine the precise location of the TPK domain of TR in the telomerase RNP complex.
In summary, we report the crystal structure of the TRBD domain of TERT in complex with the CR4/5 domain of TR. The CR4/5-TRBD structure offers a starting point for further investigation into the structure and function of the telomerase RNP complex. Moreover, because telomerase is strongly upregulated in most cancer cells and has been studied as a plausible anticancer target, the crystal struc ture of the CR4/5-TRBD complex offers a new opportunity for the development of therapeutics that modulate telomerase activity for the treatment of human diseases.
METHODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METHODS
Protein expression and purification. Medaka TRBD (residues 318-579) was expressed in Escherichia coli strain ScarabXpress T7lac cells (Scarab Genomics) with a modified pMAL2CX vector with an MBP protein fused at its N terminus. After induction for 16 h with 0.1 mM IPTG at 20 °C, the cells were har vested by centrifugation, and the pellets were resuspended in lysis buffer (50 mM TrisHCl, pH 7.5, 500 mM NaCl, 1 mM MgCl 2 , 10% glycerol, 1 mM Tris(2carboxyethyl)phosphine (TCEP), 1 mM PMSF, 5 mM benzamidine, 1 µg/ml leupeptin and 1 µg/ml pepstatin). The cells were then lysed by sonication, and the debris was removed by ultracentrifugation. The supernatant was subjected to 55% ammonium sulfate precipitation. The precipitated proteins were resuspended in lysis buffer and were mixed with amylose resin (New England BioLabs) for 2 h, and then the MBPTRBD proteins were eluted with 10 mM maltose. After purifi cation by gelfiltration chromatography on HiLoad Superdex200 (GE Healthcare), the MBPTRBD proteins were treated with protease 3C at 4 °C overnight and were then rebound to the amylose resin to remove the MBP proteins. After a final step of gelfiltration chromatography on HiLoad Superdex200, the purified proteins were concentrated to 10 mg/ml and stored at -80 °C. Wildtype and mutant TRBD proteins used for ITC measurements were purified similarly.
RNA preparation and purification. CR4/5 RNAs (nucleotides 170-220), with a glucosamine6phosphate-activated ribozyme (GlmS ribozyme) fused at the 3′ terminus, were generated by in vitro transcription with T7 RNA polymerase. CR4/5GlmS RNAs were purified by gelfiltration chromatography with the buffer 50 mM HEPESKOH, pH 7.5, 150 mM NaCl and 10 mM MgCl 2 to remove the DNA template and NTPs. The purified RNAs were then treated with 1 mM glucosamine6phosphate at 25 °C for 30 min to cleave the GlmS ribozyme from the 3′ site of CR4/5. Then the CR4/5 RNAs were purified by gelfiltration chroma tography on HiLoad Superdex200 and were concentrated to 10 mg/ml. Crystallization, data collection and structure determination. The TRBD proteins were mixed with the CR4/5 RNAs at a molar ratio of 1:1.2. After 1 h incubation on ice, the CR4/5-TRBD complex was purified by gelfiltration chro matography and then concentrated to 12 mg/ml. The TRBD-CR4/5 complex was crystallized by the sittingdrop vapor diffusion method at 4 °C. The precipitant solution contained 100 mM sodium acetate, pH 4.5, 0.9-1 M ammonium sulfate and 0.2-0.3 M NaCl. The TRBD-CR4/5 crystals were then dehydrated with the solution containing 100 mM sodium acetate, pH 4.5, 2 M ammonium sulfate and 0.3 M NaCl. For preparation of a mercury derivative, the dehydrated crystals were soaked in the dehydration buffer with 0.1 mM HgBr 2 for 1 h. All of the crystals were gradually transferred into a harvesting solution containing the precipitants plus 5 M sodium formate before being flash frozen in liquid nitrogen for storage. Diffraction data were collected under cryogenic conditions (100 K) at Advanced Photon Source beamline 21IDD and processed with HKL2000 (ref. 33) . SAD data from the mercury derivative were used to obtain the initial phases with SHARP 34 . The initial SAD map was substantially improved by solvent flattening. A model of the TRBD-CR4/5 complex was built into the density with Coot 35 and refined in Phenix 36 . Native data sets of the TRBD-CR4/5 complex were solved by molecular replacement with Phaser 37 in the CCP4i suite, and the structure was further refined in Phenix. The majority (~92%) of the residues lie in the most favored region in the Ramachandran plot, and the remaining ones lie in the additionally stereochemically allowed regions in the Ramachandran plot.
Isothermal titration calorimetry. The equilibrium dissociation constants of the wildtype and mutant TRBDCR4/5 and TRBDTWJ interactions were deter mined with an ITC 200 calorimeter (MicroCal). The binding enthalpies were mea sured at 20 °C in 50 mM TrisHCl, pH 7.5, 500 mM NaCl and 1 mM MgCl 2 . Two independent experiments were performed for every interaction described here. ITC data were subsequently analyzed and fitted with Origin 7 (OriginLab).
Telomerase in vitro reconstitution and telomerase activity assay. The S. pombe and N. crassa telomerases were in vitro reconstituted as previously described 38 . The TERT protein was synthesized in rabbit reticulocyte lysate (RRL) with the TnT Quick Coupled Transcription/Translation System (Promega) and then assembled with 1 µM of in vitro-transcribed RNA fragments in the RRL. S. pombe TERT was assembled with S. pombe TR fragments TPK (nt 83-957) and TWJ (nt1037-1082), whereas N. crassa TERT was assembled with N. crassa TR RNA fragments TPK (nt 225-1515, ∆463-1288, ∆256-433) and TWJ (nt 1813-1877). The telo merase assay was carried out with 2 µl of in vitro-reconstituted telomerase in a 10µl reaction. For S. pombe telomerase assays, the reaction contained reaction buffer (50 mM TrisHCl, pH 8.0, 0.5 mM MgCl 2 , 1 mM spermidine and 2 mM DTT) and 100 µM dATP, 100 µM dCTP, 100 µM dTTP, 5 µM dGTP, 0.165 µM [α 32 P]dGTP (3,000 Ci/mmol, 10 mCi/ml, PerkinElmer) and 1 µM DNA primer 5′GTTACGGTTACAGGTTACG3′. For N. crassa telomerase assays, the reaction contained 1× reaction buffer, 1 mM dATP, 1 mM dTTP, 5 µM dGTP, 0.165 µM [α 32 P]dGTP (3,000 Ci/mmol, 10 mCi/ml, PerkinElmer) and 1 µM DNA primer 5′(TTAGGG) 3 3′. The reactions were incubated at 30 °C for 60 min and terminated by phenol/chloroform extraction and subsequent ethanol precipitation. Telomeraseextended products were resolved on a denaturing 8 M urea/10% polyacrylamide gel. The dried gel was exposed to a phosphor storage screen and analyzed with a BioRad FX Pro Molecular Imager. Original images of autoradiographs can be found in Supplementary Figure 4c. 
